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ABSTRACT
Little is known about the role of genetic and epigenetic control in the spatial and temporal regulation

of plant development. Overexpressing antisense Arabidopsis thaliana HD1 (AtHD1) encoding a putative ma-
jor histone deacetylase induces pleiotropic effects on plant growth and development. It is unclear whether
the developmental abnormalities are caused by a defective AtHD1 or related homologs and are heritable
in selfing progeny. We isolated a stable antisense AtHD1 (CASH) transgenic line and a T-DNA insertion
line in exon 2 of AtHD1, resulting in a null allele (athd1-t1). Both athd1-t1 and CASH lines display increased
levels of histone acetylation and similar developmental abnormalities, which are heritable in the presence
of antisense AtHD1 or in the progeny of homozygous (athd1-t1/athd1-t1) plants. Furthermore, when the
athd1-t1/athd1-t1 plants are crossed to wild-type plants, the pleiotropic developmental abnormalities are
immediately restored in the F1 hybrids, which correlates with AtHD1 expression and reduction of histone H4
Lys12 acetylation. Unlike the situation with the stable code of DNA and histone methylation, developmental
changes induced by histone deacetylase defects are immediately reversible, probably through the resto-
ration of a reversible histone acetylation code needed for the normal control of gene regulation and
development.

PLANT development is plastic and affected by ge- in environmental signals. Disruption of histone deacety-
lases results in growth and developmental abnormalitiesnetic, epigenetic, and environmental factors. Vege-

tative and reproductive (inflorescence) development is and aging in yeast cells (Imai et al. 2000). These develop-
mental changes are associated with down- or upregula-initiated at shoot apical meristems and/or axillary meri-
tion of several hundred genes (Bernstein et al. 2000;stems that can be induced by internal and external
Robyr et al. 2002), suggesting that histone deacetylasessignals (Bernier 1986; Walbot 1996; Bleecker and
are key regulators of eukaryotic development. HistonePatterson 1997; Meyerowitz 1997). The molecular
acetylation and deacetylation may also play a role inmechanisms underlying the plastic nature of plant de-
gene expression and development in animals. For exam-velopment are largely unknown. Both genetic and epi-
ple, mouse histone deacetylase 1 (HD1) is a growth fac-genetic changes may contribute to the developmental
tor-inducible gene (Bartl et al. 1997). Histone hyper-plasticity of plants (Walbot 1996; Meyerowitz 1997,
acetylation plays a role in establishing stable states of2002; Srinivas 2000; Habu et al. 2001; Martienssen
differential gene activity during gastrulation in Xenopusand Colot 2001).
(Almouzni et al. 1994).Epigenetic regulation is a major aspect of gene con-

The Arabidopsis genome contains 18 putative HDstrol by which heritable changes in gene expression oc-
(HDAs or HDACs) and 12 putative histone acetyltransfer-cur without an alteration in DNA sequence. Changes in
ases (HATs) distributed among all five chromosomeschromatin structure may affect accessibility of promoter
(Arabidopsis Genome Initiative 2000; Pandey et al.elements to the transcriptional machinery and thus af-
2002). There are four classes of histone deacetylases infect transcription. Modifications on core histones and
plants (Lusser et al. 2001). First, the RPD3-like proteintheir associated covalent bonds are known as the “his-
is the major histone deacetylase in yeast and mammals.tone code” (Jenuwein and Allis 2001). Changes in the
Mutations in RPD3 affect �500 genes in yeast (Bern-histone code may facilitate fine tuning of gene expres-
stein et al. 2000; Robyr et al. 2002). Arabidopsis thalianasion in response to developmental programs or changes
HD1 (AtHD1; GenBank accession no. AAB66486), also
known as AtHDA19 (Pandey et al. 2002), is a putative
homolog of yeast RPD3 and the major histone deacety-
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1997). This class consists of at least two isoforms (HD1B-I ever, it is not known whether the abnormal phenotypes
observed in the antisense AtHD1 plants result from theand -II) in maize embryos (Rossi et al. 1998; Lechner

et al. 2000) and four genes (HDA6, -7, -9, and -19) in disruption of single gene or related homologs in the
AtHD multi-gene family. Moreover, it is unclear whetherArabidopsis. One of the maize genes, ZmRpd3 or HD1B-

II (Lechner et al. 2000), complements a yeast rpd3 null disruption of histone deacetylation induces other epi-
genetic lesions and whether the induced phenotypicmutant (Rossi et al. 1998). Second, on the basis of DNA

sequences, HDA- and HOS-like HDs are related to RPD3 changes are heritable in the absence of the original
AtHD1 defect. Finally, the acetylation code is revers-but have different specific activities in deacetylating his-

tones (Vidal and Gaber 1991; De Rubertis et al. 1996; ible and dynamic because core histones can be ace-
tylated or deacetylated through the activities of histoneRundlett et al. 1996, 1998). Eight Arabidopsis genes

in this category are predicted and some of them may acetyltransferases (HATs) or histone deacetylases (HDs,
HADs, HDACs) during growth and development (All-be distinct from other members in this group (Pandey

et al. 2002). Third, HD2 is a plant-specific histone deace- frey et al. 1964), whereas the code of DNA and histone
methylation is stable because no active demethylationtylase (Lusser et al. 1997) localized in the nucleolus.

At least two isoforms exist in maize and four genes in pathway has been identified (Jenuwein and Allis
2001). However, both the stable and reversible codesArabidopsis (Lusser et al. 1997; Dangl et al. 2001).

Fourth, a NAD-dependent HD (SIR2-like protein) forms can be stored in chromatin and propagated through
meiosis. Thus, compared to the stable code, the revers-a newly discovered class of HDs (Imai et al. 2000; Landry

et al. 2000). In yeast, the deacetylation by SIR2 is NAD ible histone acetylation code may contribute differently
to gene regulation and development. In this study, wedependent and possibly coupled to ADP ribosylation

(Tanner et al. 2000). Arabidopsis has two SIR2-like show that defects induced by expressing antisense
AtHD1, or by T-DNA insertion mutagenesis of AtHD1,genes (Pandey et al. 2002).

The role of histone acetylation and deacetylation in result in similar developmental pleiotropy. Unlike the
situation with ddm1 (decrease in DNA methylation) mu-plant gene regulation is poorly understood (Verbsky

and Richards 2001; Li et al. 2002). Transgenic plants tants, defects in AtHD1 do not induce cumulative epi-
genetic lesions after four to five generations of selfing.treated with propionic or butyric acid, chemical inhi-

bitors of histone deacetylases, display increased levels Furthermore, genetic analyses indicate that disruption
of developmental programs, AtHD1 expression, and his-of DNA methylation and epigenetic variegation (ten

Lohuis et al. 1995). HC toxin, the host-selective toxin tone acetylation is immediately corrected in AtHD1/
athd1-t1 heterozygous plants probably through restora-of the maize fungal pathogen Cochliobolus carbonum, in-

hibits histone deacetylases in host plants (Brosch et al. tion of the reversible histone acetylation code.
1995). Blocking deacetylation by sodium butyrate or
trichostatin A derepresses silent rRNA genes subject to

MATERIALS AND METHODSnucleolar dominance (Chen and Pikaard 1997). In a
genetic screen for auxin-insensitive mutants, Murfett Plant materials: Constitutive antisense h istone deacetylase
et al. (2001) identified mutagenized plants with en- (CASH) transgenic plants were described previously (Tian

and Chen 2001). All plants were grown in vermiculite mixedhanced expression of gusA and hptII transgenes. Further
with 10% soil in a growth chamber with growth conditions ofanalysis indicated that several of these mutations were
22�/18� (day/night) and 16 hr of illumination per day, exceptin AtHDA6, a presumed histone deacetylase, suggesting
as noted otherwise. Seeds from CASH plants were germinated

that this gene is important for transcriptional regulation in Murashige/Skoog medium (Sigma, St. Louis) in the pres-
of the promoters controlling these transgenes. Indeed, ence of 15–50 �g/ml of kanamycin. After 2 weeks the plants

were transferred to soil and grown in a growth chamber. TheAtHDA6 is required to maintain DNA methylation pat-
T-DNA insertion line was grown without kanamycin selectionterns induced by double-stranded RNA (Aufsatz et al.
except as noted otherwise. All photographs, except those2002). Overexpression of OsHDAC1, a putative histone
taken with the imaging system in a scanning electron micro-

deacetylase 1 gene in rice, is correlated with the induc- scope, were taken using a Nikon N-900 digital camera or the
tion of OsHDAC1, increased growth rate, and altered CCD system of a Nikon SMZ-100 fluorescence microscope.

Scanning electron microscopy: Scanning electron micros-plant morphology (Jang et al. 2003). Antisense-medi-
copy was performed using a modified protocol (Murai et al.ated downregulation of the Arabidopsis genes AtHD1
2002) with a Hitachi s570 scanning electron microscope (Tokyo)or AtHD2, which putatively encode histone deacetylases,
at an accelerating voltage of 5–15 kV. Tissue samples were fixed in

results in a variety of abnormal phenotypes in early a solution containing 3% (v/v) formaldehyde/glutaraldehyde
and late stages of Arabidopsis development (Wu et al. and 0.1 m sodium cacodylate buffer (pH 7.4) at room tempera-

ture for 13 hr, washed three times with 0.2 m sodium cacodylate2000a,b; Tian and Chen 2001).
buffer (pH 7.4), dehydrated through an ethanol series, criticalDownregulation of histone deacetylation induces
point dried with CO2, and sputter coated with gold beforepleiotropic effects on Arabidopsis development (Tian
viewing by scanning electron microscopy.

and Chen 2001), suggesting that histone deacetylation Nucleic acid preparation and analysis: RNA and DNA were
directly or indirectly affects the expression of many isolated from at least five leaves of each plant at the same de-

velopmental stages as previously described (Chen and Pikaardgenes in regulatory networks (Finnegan 2001). How-
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1997). For DNA and RNA blot analyses, hybridization was into the plasmid pGEM T-easy (Promega) and sequenced us-
ing an ABI Prism Big Dye terminator cycle sequencing reactionperformed following the method of Church and Gilbert

(1984). The DNA and RNA blots were washed in 2� SSC and kit (PE Applied Biosystems). The small fragment that ap-
peared in one-step reverse transcriptase (RT)-PCR was cloned0.2� SDS at 65� for 30–60 min and hybridization signals were

detected using a digital imaging system or exposure to X-ray into pGEM T-easy (Promega). The plasmid DNA was isolated
using a QIAprep spin miniprep kit (QIAGEN) and sequenced.film or to a PhosphorImager.

PCR-based reverse genetic approach to identify T-DNA in- RT-PCR: RT-PCR was carried out using 500 ng of total RNA
prepared from leaf tissues. SuperScript one-step RT-PCR wassertions in the AtHD1 gene: We used a PCR-based approach

similar to that described by Krysan et al. (1996) to identify performed using the Platinum Taq system (Invitrogen, San
Diego) according to the manufacturer’s instructions. TheArabidopsis (ecotype Ws) mutants containing a T-DNA inser-

tion in or near the AtHD1 gene. Pooled samples of DNA from primers used for detecting AtHD1 transcripts were AtHD1-R,
5�-GCT TAC AAC AAC AAC AAC TCC AGA AAC TT-3� and1000, 100, and 20 plants from the Feldmann T-DNA insertion

library (Feldmann and Marks 1987; Forsthoefel et al. 1992) AtHD1-F, 5�-AGA AAG CCA GAG AGA GAG AGA GAG ATC
AT-3�. For detecting CYC2b transcripts, we used the followingwere successively assayed for insertions, followed by assay of

individual plants from the pool of 20 mutant plants. The primers: Cyc2b-F, 5�-TCG GTG TAG AGA TGA AGA GAC
AGA-3� and Cyc2b-R, 5�-GCA ACT AAA CCA ACA AGC TGAzygosity of a mutant allele was determined using forward and

reverse primers specific to the AtHD1 gene and one primer AGC-3�.
Strand-specific first-strand cDNAs were synthesized usingspecific to the AtHD1 gene in combination with either a T-DNA

left- or right-border primer. AtHD1 primer sequences were 500 ng of total RNA and Omniscript reverse transcriptase
(QIAGEN). AtHD1-R and AtHD1-F primers were used to syn-5�-GCACTAGTGGCGCGCCATGGATACTGGCGGCAA-3�

and 5�-GCAGATCTATTTAAATCGCCTGCTCCGCCCCACC-3�. thesize sense and antisense strands of AtHD1, respectively. RT
was performed at 37� for 60 min and the enzyme was thenT-DNA primer sequences were left border, 5�-GATGCACTC

GAAATCAGCCAATTTTAGAC-3�; right border, 5�-TCCTTC inactivated by incubation at 93� for 5 min. For antisense AtHD1
detection, following an initial denaturation step, 35 cycles ofAATCGTTGCGGTTCTGTCAGTTC-3�. PCR was carried out

using 0.5 unit ExTaq (Takara, Berkeley, CA) DNA polymerase PCR were performed using the program of 94� for 30 sec, 57�
for 30 sec, and 72� for 1.5 min with a final extension of 10with a robocycler (Stratagene, La Jolla, CA) using one cycle

of 95� for 5 min, 30–36 cycles of 94� for 40–60 sec, 56� for 1 min at 72�. A 5-�l aliquot of PCR products was resolved by
electrophoresis through a 1% agarose gel and subjected tomin, and 72� for 3 min, plus an extension cycle of 72� for 10
DNA blot analysis. For sense AtHD1 analysis, PCR was per-min followed by 4� on hold. We used 0.24 �m of each primer
formed using the same conditions as described above, exceptand 0.2 mm of each dNTP and either 100 ng DNA (for screen-
that 20 cycles were used. Hybridization was performed usinging superpools of 1000 plants) or 20 ng DNA (for screening
a full-length AtHD1 cDNA as a probe. The actin gene Act2 (Anpools of 100, 20, or individual plants) in a 50-�l final reac-
et al. 1996) was used as an internal control for quantification.tion volume.
Relative intensities of individual DNA fragments were mea-T-DNA junction sequence identification in antisense trans-
sured using a PhosphorImager (Molecular Dynamics, Sunny-genic lines: T-DNA junction sequences in the CASH lines
vale, CA).were identified using a modification of a procedure previously

Western blot analysis: Western blot analysis was carried outdescribed (Zhou et al. 1997). Briefly, 1 �g genomic DNA and
according to Tian and Chen (2001). In brief, crude protein1 �g pBluescript plasmid DNA were separately digested at 37�
and histone extracts were prepared and subjected to electro-overnight in a 40-�l reaction containing 10 units of PstI. The
phoresis through 8 and 15% SDS polyacrylamide gels. Immu-digested genomic DNA solution was extracted with phenol/
noblots were prepared and probed with antisera against thechloroform/isoamylalcohol (25:24:1; Fisher) and precipitated
N-terminal portion of AtHD1 (Tian and Chen 2001) or withusing 2 volumes of ethanol and 1/10 vol of 3 m sodium acetate
a site-specific antibody against histone H4 Lys12 (Upstate Bio-(pH 5.2). The linear form of pBluescript plasmid was purified
technology, Lake Placid, NY) and developed by enhancedusing a Gelpure kit (GeneMate; ISC Bioexpress, Kaysville,
chemiluminescence (ECL; Amersham, Buckinghamshire, UK).UT). For DNA ligation, 250 ng of digested genomic DNA and

180 ng of digested pBluescript plasmid DNA were mixed in
a 20-�l solution containing 3 units of T4 DNA ligase (Promega,
Madison, WI) and incubated at 16� overnight. RESULTS

Two consecutive PCR reactions were performed using three
different primers. T3 primer (5�-AAT TAA CCC TCA CTA Isolation of a stable antisense AtHD1 transgenic plant:
AAG GG-3�) was derived from an endogenous sequence of AtHD1 is constitutively expressed throughout plant de-
the pBluescript plasmid. TR2 (5�-GAT GGG GAT CAG ATT velopment, although a slightly high level of expression
GTC GTT TC-3�) and TR3 (5�-GTC GTT TCC CGC CTT CAG

is detected in reproductive tissues. Expressing CASH inTTT A-3�) were two nested primers derived from the T-DNA
transgenic Arabidopsis plants results in the reductionsequence close to the right border. The first PCR reaction

was performed using TR2 and T3 primers and 5 �l of ligation of tetra-acetylated histone H4 and a variety of develop-
solution as template. After purification using a QIAquick PCR mental abnormalities (Tian and Chen 2001). Many
purification kit (QIAGEN, Chatsworth, CA), an aliquot of 2 lines showed variable phenotypes and deceased in early
�l PCR product from the first reaction was added to the second

developmental stages. To understand better the AtHD1PCR reaction containing TR3 and T3 primers. Both PCR reac-
effects, we isolated a CASH126 line that displayed consis-tions were performed for 35 cycles with a program of 30 sec

at 94� for denaturation, 30 sec at 52� for annealing, and 3 min tent phenotypes in selfing progeny. CASH126 plants
at 72� for extension, followed by a final extension at 72� for displayed phenotypes in the vegetative and flowering
8 min. The products of the second PCR amplification were stages in the fourth generation (Figure 1) similar to
subjected to electrophoresis through a 1.0% agarose gel. The

the “pinhead” phenotype observed in Argonaute mutantsband containing the DNA fragment of interest was excised
(Moussian et al. 1998; Lynn et al. 1999; Morel et al. 2002).from the gel and the DNA was purified using a DNA purifica-

tion kit (GeneMate). The purified PCR product was cloned The plants had defective shoot apical meristems and
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Figure 1.—Development and inheritance of phenotypes in
a stable CASH126 plant. Only the plants in the fourth genera-
tion are shown. (A) A 7-day-old seedling displayed a defective
SAM. (B) The defective SAM in the 10-day-old seedling devel-
oped a pair of lobed true leaves. (C) A lateral SAM was initiated
after 3 weeks. (D) The transition from vegetative to flowering
development was delayed. (E) In the flowering stage, the
plants display low fertility. About 75% of siliques were small
and contained few viable seeds.

grew slowly in vitro. After the plants were transferred to
soil, cotyledonary leaves became bleached and yellow.
The first pair of true leaves was very small, narrowly
elongated, and lacked chlorophyll (Figure 1, A and B).
Starting with the second pair of true leaves, leaf develop-
ment appeared normal except for a delay of the transi-
tion from adult vegetative to inflorescence development
(Figure 1, C and D). CASH126 plants developed ad- Figure 2.—Detection of AtHD1 transgenes in the genome

and expression of the transgene and endogenous AtHD1 inditional true leaves, probably resulting from a develop-
CASH126 plants. (A) Map of the transgene construction indi-mental transition initiated from axillary meristems. Veg-
cating the nptII and antisense AtHD1 (asAtHD1) genes located

etative development could continue up to 4–5 weeks between the left and right T-DNA borders (LB and RB, respec-
under long-day (16/8 hr of day/night) conditions. tively). (B) DNA blot containing genomic DNA digested with
Eventually inflorescences developed from lateral meri- BamHI and EcoRI was hybridized with the nptII probe. Two

copies of the transgene containing nptII and AtHD1 were de-stems similar to those of wild-type plants. Although some
tected in CASH126 plants (lanes 2 and 3), whereas no trans-inflorescence branches were sterile (Figure 1E), seeds
gene was present in the control plant (lane 1). (C) One copy

that could be harvested and germinated and the re- of the asAtHD1 transgene is inserted into the 3� untranslated
sulting plants showed developmental abnormalities sim- region (UTR) of the CYC2b gene, as shown in the top diagram.
ilar to those observed in plants of previous generations. RT-PCR analysis indicated that CYC2b expression was similar

in control (lane 2) and CASH126 (lane 3) plants. DNA sizeOne explanation for the abnormal phenotypes in
markers are shown in lane 1. PCR product amplified from aCASH126 plants would be that insertion of the trans-
genomic DNA is shown in lane 4. (D) Strand-specific RT-

genes into the genome disrupted a locus important for PCR analysis in CASH126 plants. (Top) asAtHD1 was highly
plant development, such as a homeotic gene control- expressed in CASH 126 plants (lanes 3–5) and undetectable
ling flowering. The endogenous AtHD1 is a single-copy in control plants (ecotype Columbia, lane 1, and ecotype Ws,

lane 2). (Middle) RT-PCR and DNA blot analyses were per-gene located on chromosome 4 (Arabidopsis Genome
formed to detect the expression levels of sense AtHD1Initiative 2000; Tian and Chen 2001). We analyzed
(sAtHD1). The strand-specific RT-PCR product was resolved

the copy number of transgenes in CASH126 plants using by electrophoresis through a 1.0% agarose gel and transferred
DNA blot analysis and detected two fragments of the onto a Hybond-N� membrane (Amersham Pharmacia). The
transgenes (Figure 2, A and B), indicating that these blot was hybridized with an AtHD1 full-length cDNA probe.

The relative expression levels (%) of sense AtHD1 (sAtHD1)transgenic plants contain two copies of the AtHD1 trans-
transcripts were estimated using Act2 as an internal control.gene. We further used a PCR method (Zhou et al. 1997)

to identify the transgene insertion sites in the genome
in CASH126. As expected, two fragments were amplified
from DNA of transgenic plants. DNA sequencing results mately equal amount of CYC2b transcripts in the con-
indicated that one of the transgene insertion sites was trol and CASH126 plants (Figure 2C). The other inser-
located �150 bp downstream of the CYC2b stop co- tion site remains unknown, as the sequenced fragment
don of chromosome 4. The insertion did not affect did not match Arabidopsis sequence in the database.

We used strand-specific RT-PCR to determine the ex-CYC2b RNA accumulation; we detected an approxi-
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pression levels of antisense and endogenous AtHD1
genes in transgenic and control plants. Antisense AtHD1
(asAtHD1) transcripts were abundant in each of three
CASH126 plants that were derived from single-seed de-
scent, but absent in control plants (Figure 2D, lanes
1 and 2). To determine the expression levels of the
endogenous sense AtHD1 (sAtHD1) transcript, we per-
formed a semiquantitative RT-PCR analysis using Act2
(An et al. 1996) as an internal control. sAtHD1 and Act2

Figure 3.—A null mutation (athd1-t1) is generated bytranscripts were amplified and subjected to DNA blot T-DNA insertion into the AtHD1 gene. (A) AtHD1 contains
analysis, and the relative expression ratios of sAtHD1 and seven exons. The T-DNA is inserted into exon 2. Primers used
Act2 transcripts were calculated in control and CASH126 in RT-PCR for detecting AtHD1 expression are shown above

the first exon and below the last exon. Primers used to amplifyplants. The results indicated that endogenous sense
the nptII gene in RT-PCR reactions (C) and the nptII fragmentAtHD1 transcripts were greatly reduced in the CASH126
used for DNA blot analysis (B) are shown below and aboveplants, ranging from 5 to 60% of the level detected in the T-DNA diagram, respectively. Striped box indicates the

the control plants. It is notable that sAtHD1 RNA levels location of the AtHD1 fragment used for DNA blot analysis
were inversely correlated with the amount of asAtHD1 in Figure 7. (B) DNA blot analysis shows a single T-DNA

insertion in the athd1-t1 line. (C) RT-PCR analysis indicatestranscripts (Figure 2D: compare lanes 3–5). Overexpress-
that nptII gene expression is detected in the athd1-t1 plantsing the antisense AtHD1 gene reduced the accumulation
(lanes 1 and 2), but absent in wild-type plants (ecotype Colum-of endogenous AtHD1 transcripts, suggesting that the bia, lane 3; Ws, lane 4). T-DNA insertion produces null alleles

penetrance of developmental abnormalities is corre- in the AtHD1 locus. AtHD1 expression was detected in Ws
lated with the level of sAtHD1 transcript. (lane 6) but absent in the athd1-t1 line (lane 7). Act2 was am-

plified as a positive internal control. (D) AtHD1 productionA T-DNA insertion in AtHD1 results in an AtHD1 null
is reduced in the athd1-t1 plants. Crude protein extracts (25 �g)mutation: Phenotypic abnormalities in transgenic plants
were subjected to electrophoresis though an SDS-polyacryl-may fluctuate because of variable levels of transgene amide gene and immunoblotted onto Immobilon-P (Milli-

expression (Figure 2D). Moreover, although downregu- pore, Bedford, MA) or Hybond-ECL (Amersham) membranes.
lation of AtHD1 in antisense transgenic plants results in The membrane was probed with antibodies against the N

terminus of AtHD1. A band cross-reacting with anti-AtHD1a variety of developmental abnormalities, it is unclear
antibodies in athd1-t1 plants was reduced to only a tracewhether these phenotypic changes result from disrupted
amount (lane 4) compared to the band detected in the controlexpression of AtHD1. The expression of antisense AtHD1 plant (lane 3). A protein loading control is shown in an 8%

may also affect the expression of other genes, because SDS-PAGE stained with Coomassie Blue (lanes 1 and 2).
there are several AtHD1 homologs (Pandey et al. 2002).
We therefore identified an Arabidopsis (ecotype Ws)
mutant line that contains a T-DNA insertion in the
AtHD1 gene (athd1-t1; Figure 3A). DNA blot analysis CASH126 and athd1-t1 plants display similar develop-

mental abnormalities: To determine whether CASH126indicated only one T-DNA insertion in the genome (Fig-
ure 3B). Using a PCR-based reverse genetic approach and athd1-t1 plants show similar changes in early devel-

opmental stages, we grew them side by side in a growth(Krysan et al. 1996) and DNA sequence analysis, we
determined that the T-DNA was inserted into exon 2 chamber under short-day conditions (8/16 hr of day/

night). The leaves of both CASH126 and athd1-t1 plantsof AtHD1 (Figure 3A). This insertion caused a null muta-
tion of AtHD1; no AtHD1 expression was detected in were slightly chlorotic and showed disrupted radial sym-

metry (Figure 4, A–D), probably resulting from de-homozygous insertion lines (lane 7, Figure 3C). Further-
more, Western blot analysis using antibodies against the fective shoot apical meristems as previously described

(Figure 1). A prominent phenotype was the somewhatN terminus of AtHD1 (Tian and Chen 2001) indicated
that, in the homozygous mutant line, the level of AtHD1 left-handed “twist” of the longitudinal axis of rosette

leaves in athd1-t1 plants (Figure 4, B and F). This twistprotein was greatly reduced (Figure 3D, lane 4). Only
a small amount of protein (�5% that of the wild type) did not occur in other parts of the plants and was differ-

ent from the previously described “lefty” mutants (Thi-was detected in homozygous plants, most likely resulting
from cross-reaction of the antibodies to other AtHD1 tamadee et al. 2002). This left-handed twist was not

obvious in the leaves of CASH126 plants (Figure 4C).homologs. For example, AtHD1 and AtHD6 share 69
and 84% of amino-acid sequence identity and similarity However, under close examination, the leaves of

CASH126 plants were also twisted (Figure 4G), althoughin the N termini, respectively. Alternatively, the low level
of AtHD1 detected could be due to residual expression the orientation of the distortion was not consistent.

Both wild-type and AtHD1 disruption lines flowered atof athd1-t1; however, a different-sized protein would be
observed because the T-DNA was inserted in the coding approximately the same time, suggesting that vegetative

development initiated from axillary meristems had littlesequence (Figure 3A). Taken together, the data suggest
that insertion of T-DNA into exon 2 of AtHD1 generated effect on flowering time under short-day conditions. In

a separate experiment we grew plants under long-dayan AtHD1 null mutation.
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had low seed set. To investigate the cause of sterility,
we examined the flower structures of athd1-t1 plants
using light and scanning electron microscopy. Flower
morphology of athd1-t1 plants was irregular. Many flow-
ers had missing petals and sepals (Figure 5, B, C, and
E) compared to the typical “crucifer-shaped” flowers of
wild-type plants (Figure 5, A and D). Some flowers had
fewer than six stamens, and some of these were fused
(Figure 5F). The stamens were short (Figure 5E). As a
result, pollen would have difficulty reaching the “tall”
stigma. The incompatibility between “impotent” male
stamens and tall female stigmas is likely associated with
sterility because, compared with wild-type stigmas that
were completely covered with pollen grains (Figure 5G),
only a few pollen grains could reach the stigmas of
homozygous athd1-t1 plants (arrows in Figure 5H). As
a result, siliques of homozygous athd1-t1 plants were
short and contained few seeds (Figure 5, M and O),
whereas siliques of wild-type plants were long and con-
tained many fully developed seeds (Figure 5, M and N).
Pollen grains of athd1-t1 plants were apparently normal
(Figure 5, K and L). Although structural incompatibility
between stigma and stamen is likely related to sterility,

Figure 4.—CASH126 and athd1-t1 plants show similar ab- we do not rule out other possibilities, such as biological
normal developmental phenotypes. CASH126 and athd1-t1 incompatibility between pollen and stigma interactionsplants were grown side by side in a growth chamber under

during pollination in athd1-t1 plants, which may alsoshort-day (A–H) or long-day (I–L) conditions. (A) Wild-type
cause sterility.plant (Ws) 3 weeks after germination. (B) Homozygous athd1-

t1/athd1-t1 plants 3 weeks after germination. (C) CASH126 The pleiotropic phenotype resulting from AtHD1 de-
plants 3 weeks after germination. (D) Wild-type plant (Col, fects is immediately restored in heterozygous plants and
Columbia) 3 weeks after germination. (E) Mature inflores- displays Mendelian segregation: The developmental de-cence branches in athd1-t1 and Ws. (F) Rosette leaves of Ws

fects of CASH and athd1-t1/athd1-t1 plants are consis-and athd1-t1 plants. (G) Rosette leaves of CASH126 and con-
tently observed in selfing generations. However, it istrol plants. (H) Florescence branches of CASH126 and Colum-

bia plants. (I) Enlarged picture of mildly defective flowers in unknown whether the phenotypic abnormalities were
athd1-t1 plants. ( J) Plant morphology of athd1-t1 and CASH126 dependent on the continued deficiency in AtHD1 ex-
plants. (K and L) Enlarged pictures of inflorescence branches pression and core histone acetylation profiles. To ad-showing severely defective flower organs (K) and mildly abnor-

dress this, we made F1 hybrids between wild-type (Ws)mal flowers (L) of CASH126 plants.
and homozygous athd1-t1/athd1-t1 plants (Figure 6A)
and examined the phenotypes in the resulting F1 hybrids
and F2 siblings. In all the F1 plants examined, most of
the developmental abnormalities, including rosette leafconditions (16/8 hr of day/night). As with the CASH

lines, athd1-t1 lines flowered �2–5 days late (31.9 � 1.1 morphology and fertility, were reversed to those of wild-
type plants, except that F1 plants still developed slightlydays, n � 43) compared to the wild-type plants (28.1 �

2.3 days, n � 42). Although severe phenotypes in the shorter siliques. These results indicate that most of the
developmental defects induced by the homozygous mu-vegetative stage were often observed under short-day

conditions (Figure 4, A–D, F, G), similar abnormalities tants are immediately corrected in AtHD1/athd1-t1 het-
erozygotes. Indeed, the expression level of AtHD1 inin the reproductive stage were observed under both

long- and short-day conditions (Figure 4, E, H, I–L). the heterozygous plants was equal to that of wild-type
plants (Figure 6B). Furthermore, the acetylation levelCASH126 and athd1-t1 plants developed abnormal

flower structures, including reduced numbers of petals of histone H4 Lys12 was increased approximately three-
fold in the athd1-t1/athd1-t1 homozygous mutants com-(Figure 4, I, K, and L), split flowers (Figure 4K), and

sterility (Figure 4, E and H). The abnormal flower phe- pared to the wild-type plants (Figure 6C). H4 Lys12 is
one of the primary deacetylation sites targeted by RPD3notypes in athd1-t1 plants (Figure 4I) were not as severe

as those of CASH126 plants (Figure 4J), but were more in yeast (Vidal and Gaber 1991; Rundlett et al. 1996).
The H4 Lys12 level was reversed to that of the wild-uniform. CASH126 lines, however, displayed a range

of penetrance in developmental abnormalities, ranging type plants in the heterozygous plants, implying that
acetylation at some specific sites is responsible for thefrom severe (Figure 4K) to mild (Figure 4L).

CASH126 and athd1-t1 plants were partially sterile and changes in developmental abnormalities and gene ex-
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pression in these plants. In the F2 progeny, the wild- selfing we did not observe abnormal phenotypes in these
plants in addition to developmental abnormalities ob-type and abnormal phenotypes segregated 3:1, coseg-

regating with the level of AtHD1 expression in these served in the original homozygous plants (Figure 7).
Phenotypic abnormalities were less severe under long-plants. These data indicate that the developmental ab-

normalities are dependent on disruption of AtHD1 ex- day conditions than under short-day conditions, sug-
gesting that the penetrance of phenotypes is dependentpression and of some specific acetylation sites (e.g., H4

Lys12) in the athd1-t1 lines. on day length. AtHD1 expression was not detected in
the plants after four generations of selfing. These data,Does athd1-t1 induce additional epigenetic changes?

The ddm1 mutant induces epigenetic lesions in addition together with the immediate restoration of normal de-
velopment in AtHD1/athd1-t1 heterozygous plants, sug-to those observed in the original ddm1 mutant (Stokes

et al. 2002). To determine whether athd1-t1 acts as an gest that developmental changes induced by disruption
of AtHD1 expression are reversible and dependent onepigenetic modulator, we examined phenotypic changes

in the plants derived from single-seed descent of one AtHD1 expression and histone deacetylation.
athd1-t1/athd1-t1 homozygous plant. Consistent with the
results in CASH plants, within four generations of

DISCUSSION

Heritable changes of developmental abnormalities in-
duced by AtHD1 disruption: Blocking histone deacetyla-
tion induces a wide range of developmental changes.
The abnormal development includes defective shoot
apical meristems (SAM), irregular trichomes and cellu-
lar patterns, late flowering, abnormal inflorescences
and flowers, and aborted seeds. These developmental
abnormalities are stable in the presence of AtHD1 dis-
ruption after four to five generations of selfing. More-
over, a T-DNA insertion into the AtHD1 gene (athd1-t1)
results in a mutant line (Ws ecotype) that shows devel-
opmental abnormalities similar to those of CASH126
plants (Columbia ecotype), confirming that AtHD1 plays
an important role in reprogramming developmental
processes. The affected plants develop through initiat-
ing axillary meristems and additional changes that en-
sure the completion of a life cycle, although they have
to overcome structural and developmental incompati-
bilities resulting from irregularly orchestrated patterns
and tempos of organogenesis. Histone deacetylation
and the resulting effects on gene regulation may con-
tribute to the fundamental and dynamic process of de-
velopmental plasticity in plants (Walbot 1996; Meyer-

Figure 5.—Abnormal flower development and sterility in
athd1-t1 plants. (A) Wild-type (Ws) plants have a typical “cruci-
fer” flower with four petals, six stamens, and a regular stigma.
(B and C) Transformation of the “crucifer” shape into an
irregular form in athd1-t1 plants resulting from fused petals
(B) and missing flower parts (C). (D) Normal flower morphol-
ogy of wild-type plants revealed by scanning electron micros-
copy. (E and F) Short stamens and missing petals (E) and
fused stamens (F) in athd1-t1 plants. (G) The stigma of the
wild-type flower is completely covered with pollen grains. (H)
Only a few pollen grains (arrows) are found on the stigma of
athd1-t1 plants. (I and J) Dehisced anthers showing normal
pollen development in wild-type (I) and athd1-t1 (J) plants.
(K and L) Pollen grains in Ws (K) and athd1-t1 (L) anthers.
(M). Short and immature siliques (left and middle) developed
in athd1-t1 plants compared to the normal silique in the con-
trol (right). (N) Normal seed development in Ws. (O) Abor-
tive seed development in athd1-t1.
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Figure 7.—athd1-t1/athd1-t1 plants showed constant devel-
opmental abnormalities during four generations (G1–G4) ofFigure 6.—(A) Developmental abnormalities in rosette
selfing. The plants were grown side by side in the same growthleaves and siliques of athd1-t1/athd1-t1 homozygous plants
chamber. No AtHD1 expression was detected by RT-PCR inwere restored in F1 (AtHD1/athd1-t1) progeny. The F1 hybrid,
the homozygous athd1-t1/athd1-t1 plants obtained in four gen-heterozygous for the athd1-t1 locus, was generated by crossing
erations of selfing.a wild-type Ws plant with a homozygous athd1-t1 plant. (Right)

Genomic DNA was digested with EcoRI and SacII, subjected
to electrophoresis through a 1% agarose gel, and blotted onto
a Hybond � membrane. The blot was hybridized with a DNA
fragment containing exons 1 and 2 of AtHD1 (see Figure 3A). ond, no additional visual abnormalities accumulate in
The F1 plant contained a normal AtHD1 allele and an athd1- the selfing progeny of athd1-t1/athd1-t1 homozygoust1 allele. (B) Equal quantities of AtHD1 transcripts were de-

plants. The data suggest that the dynamic and reversibletected by RT-PCR in the F1 and Ws plants, but no AtHD1
process of acetylation and deacetylation provides a spa-transcript was detected in the athd1-t1/athd1-t1 homozygous

plants. RT-PCR amplification of Act2 was used as an internal tial and temporal code for gene activation and silencing.
control. (C) Western blot indicates that histone H4 Lys12 Consistent with this hypothesis, histone deacetylation
acetylation is increased in the homozygous athd1-t1 plants. may affect the expression of genes in response to envi-Hybridization intensities of a nonspecific (n.s.) protein de-

ronmental (e.g., light, day length) and developmentaltected by the anti-H4 Lys12 antibody were used as internal
(e.g., homeotic genes) changes. Indeed, both antisensecontrols to calculate the relative ratio of H4 Lys12 acetylation

accumulation, which is shown in a histogram below the West- AtHD1 transgenic and athd-t1 homozygous lines show
ern blot. variable flowering time and severity of developmental

abnormalities under short- and long-day conditions.
AtHD1 is a member of a multi-gene family that may

diverge in functions. For example, AtHD6, a RPD3-likeowitz 1997). Disruption of AtHDs may directly affect
homolog, is involved in the release of transgene silenc-expression of genes such as superman (Tian and Chen
ing (Murfett et al. 2001) and is associated with the2001) in specific developmental stages. Alternatively,
maintenance of DNA methylation patterns of trans-the disruption may induce a series of changes in regula-
genes (Aufsatz et al. 2002). However, recessive muta-tory networks. Complex phenotypes such as defective
tions in AtHDA6 do not induce visible abnormal pheno-apical shoot meristems and abnormal flowers could be
types (Murfett et al. 2001). Antisense AtHD2 lines (Wusome of these pleiotropic effects. It will be interesting
et al. 2000a,b) show less severe developmental abnormal-to identify target genes whose expression is affected in
ities than antisense AtHD1 lines do (Tian and Chenthe athd1-t1 and antisense AtHD1 transgenic lines.
2001). Significantly, although histone deacetylases areDevelopmental abnormalities induced by disruption
encoded by a multi-gene family and share sequenceof histone deacetylation are different from those in-
homology (Pandey et al. 2002), other AtHD homologsduced by DNA methylation defects (Vongs et al. 1993;
cannot compensate for the loss of AtHD1 activity in theFinnegan et al. 1996; Ronemus et al. 1996; Gendrel et al.
athd1-t1 lines, suggesting that AtHD1 is a key member2002; Stokes and Richards 2002). First, the abnormal
of the histone deacetylase gene family. Unlike the tetra-development in the athd1-t1 homozygous plants can be

immediately corrected in the heterozygous state. Sec- acetylated histone H4 induced by overexpressing anti-
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sense AtHD1 (Tian and Chen 2001), hyper-acetylation and developmental programs return to normal, inde-
pendent of reprogramming through meiosis. The con-of core histones in the athd1-t1 line is restricted to a

specific set of lysine residues including H4 Lys12. These cept of a stable or reversible code is also supported by
the results obtained from a recent study indicating thatdata suggest that specific patterns of histone acetylation

may be established by AtHD1, consequently controlling the loss of histone H4 Lys16 acetylation in ddm1 homozy-
gous plants is compensated in DDM1/ddm1 heterozy-the expression of a subset of genes during development.

The role of a histone code in genetic and epigenetic gous plants, whereas DNA and histone H3 Lys9 methyla-
tion remain unchanged (Soppe et al. 2002).regulation: Chromatin-based gene regulation in eukary-

otes is controlled by a chromatin code (Jenuwein and The relationship between reversible and stable codes
is largely unknown. Acetylation and deacetylation mayAllis 2001) that can be further classified as stable or

reversible. The stable code includes DNA and histone act on active or inactive chromatin as a competitor for
histone methylation sites (Jenuwein and Allis 2001).methylation (Richards and Elgin 2002). Once the sta-

ble code is established, it is difficult to alter unless For example, histone acetyltransferases and methyl-
transferases may compete for histone H3 Lys9 to estab-through a reset of developmental programming during

meiosis, because no active demethylation pathway has lish an active or inactive form of chromatin (Jenuwein
and Allis 2001; Litt et al. 2001). Histone deacetylationbeen identified (Jenuwein and Allis 2001; Li 2002;

Richards and Elgin 2002). As a result, changing a and DNA methylation may also be interdependent
(Selker 1998; Soppe et al. 2002). Moreover, a putativestable code results in epigenetic inheritance or variation

(Stokes et al. 2002; Stokes and Richards 2002). More- histone deactylase (AtHDA6) is needed to enhance
DNA methylation induced by double-stranded RNAover, alteration in the stable code may serve as an epi-

genetic “modulator” that induces changes at other loci, (Aufsatz et al. 2002). Finally, some DNA methyltransfer-
ases (e.g., CMT) or histone deacetylases (e.g., HD2) wereindependent of the original chromatin conformation.

Indeed, in the ddm1 genetic background, epigenetic le- identified only in plants (Lusser et al. 1997, 2001; Heni-
koff and Comai 1998; Lindroth et al. 2001), suggestingsions are induced in a genomic region containing multi-

ple repeats associated with disease resistance genes, pre- that plants may control gene regulation via both general
and unique chromatin pathways. It will be interestingsumably because they are vulnerable in response to

changes in DNA methylation (Stokes and Richards to test how the reversible code of histone acetylation
controlled by AtHD1 interacts with the biochemically2002). Moreover, these epialleles may be affected not

only by demethylation, but also by allelic interactions stable code of DNA and histone methylation and affects
the plastic nature of plant development.among loci or within a locus (Stokes et al. 2002), a phe-

nomenon similar to meiotic transvection (Aramayo We thank Eric J. Richards for insightful discussions and Gary E.
and Metzenberg 1996) or paramutation (Hollick et al. Hart and Karel Riha for critical suggestions on improving the manu-

script, Joe Wang for assistance in photography, Hyeon-Se Lee and1997). Methylation-associated epialleles have also been
Jenny Lee for helpful discussions, and Mike Pendleton in the Micros-reported in mutants with defective flower structure (e.g.,
copy and Imaging Center at Texas A&M University for providingSUPERMAN) or a delay in flowering time (e.g., FWA),
excellent technical services. Work in S.B.G.’s laboratory was supported

which may result from aberrant DNA methylation pat- by grants (99-75715 and 99-75930) from the National Science Founda-
terns (Jacobsen and Meyerowitz 1997; Kakutani tion Plant Genome Research Program. Research in the Chen labora-

tory was supported by a grant (00-77774) from the National Science1997; Soppe et al. 2000).
Foundation Plant Genome Research program and the Texas Agricul-The reversible code (e.g., histone acetylation and
tural Experiment Station.deacetylation) is heritable (Jenuwein and Allis 2001)

but the action of the code is dependent on the respective
biochemical activities that set the code. The code is
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